Inulin is a soluble and indigestible fiber derived from natural plants such as Jerusalem artichoke (Helianthus tuberosus), "Kikuimo". In the current study, a nutrigenomics approach was utilized to evaluate the in vivo function of "Kikuimo Extract" (KE) in ovariectomized cynomolgus macaque, a post-menopausal non-human primate model. KE was administered orally before feeding, for 3 months for the following examinations: 1) the effect of KE on intestinal microbes was examined by quantitative analyses of the intestinal bacteria using real-time PCR with DNA extracted from monkey feces; 2) the effect of KE on gene expression was investigated by real-time RT-PCR using RNA extracted from both the liver and adipose tissue of the monkeys. KE administration modulated menopause-mediated altered microbes to increase Lactobacilli, Veillonella, and Bacteroides in all monkeys. KE administration regulated the altered expression of functional genes, SCAP, LDLR, and LXRA (lipid metabolism); GLUT-4 (glucose transport); CYP1A1 and CYP1A2 (drug metabolism); and CYP-17-2 and CYP-19-2 (E2 synthesis) in the menopausal monkeys. In menopausal monkeys, KE showed potent prebiotic effect on beneficial microflora and regulating effect on altered expression of functional genes associated with metabolism and E2 production. Thus, KE appears to be a practical functional food that alleviates the altered conditions of intestinal microbes and gene expression in the liver and adipose tissue in a menopausal state.
Introduction
Inulin is a soluble and indigestible fiber derived from natural plants such as Jerusalem artichoke (Helianthus tuberosus), chicory (Cichorium intybus), or yacon (Smallanthus sonchifolius). It is a fructose polymer (fructan) linked by beta [1] [2] glycosidic bonds with a glucose residue at one end [1] [2] . It is not digested in the small intestine, because humans and animals lack the enzyme that can digest the beta [1] [2] glycosidic bond [3] ; however, inulin is fermented by microflora, especially by beneficial bacteria such as Bifidobacterium and Lactobacillus in the colon [4] - [8] . Because of this nature, inulin has been highlighted as one of the prominent functional foods or prebiotics, which are "indigestible food that selectively stimulates the growth and/or activity of gastrointestinal bacteria beneficially affecting the host" [9] .
Recent studies on intestinal microorganisms unveil the impact of microflora on the occurrence of aging/ menopause-associated dysfunctions including intestinal disorders such as constipation [10] , bowel inflammation [11] [12] , and colon cancer [13] [14] . By maintaining a normal biofilm and luminal flora, beneficial bacteria afford resistance against pathogenic bacteria that invade or cause carcinogenesis in host [15] - [18] . In addition to their effect on the condition and function of digestive organs, accumulated evidence indicates that intestinal microflora plays important roles in the absorption of minerals such as calcium [19] and in lipid metabolism [20] . Furthermore, the composition of gut microflora has been shown to influence the extent of caloric intake, which in excess results in obesity [21] [22] . Therefore, as a prebiotic, inulin is expected to improve health and quality of life, especially in postmenopausal women who are at a high risk of metabolic syndrome and related disorders. There is limited information on the effect of inulin and/or related compounds on intestinal microflora and transcriptional event in main tissues of postmenopausal women. To examine the effect of functional food on menopause-mediated altered state, studies with non-human primate models would be the best, because of their biomedical nature including menstruation and menopause, which resemble those in humans.
In the present study, the effects of a natural inulin-containing product, "Kikuimo Extract" (KE) were examined on the intestinal microflora in ovariectomized (OVX) cynomolgus macaques, a post-menopausal monkey model. KE-mediated changes in the expression of functional genes in the liver and adipose tissue were investigated as well. KE was found to have unique effects on intestinal microflora and the gene expression in the liver and adipose tissue, providing invaluable nutraceutical evidences for use of KE as a functional food.
Materials and Methods

Menopausal Monkeys
Four female cynomolgus macaques (Macaca fascicularis), aged 18 to 21 years (3.3 kg to 3.9 kg), were used for this study. The monkeys were housed in individual cages in a room with natural ventilation and temperature of 26˚C ± 4˚C and humidity of 75% ± 25% at the Animal Facility of Simian Conservation Breeding & Research Center (SICONBREC) Inc. (Rizal, Philippines). They were fed 50 g of standard monkey chow (SINILOANH FEED CORPORATION, Laguna, Philippines) twice a day. Water was available ad libitum. Clinical observation was performed daily throughout the study period. Body weight was measured monthly. Blood was also collected for hematology, monthly.
Eight months before the administration of KE, the monkeys were ovariectomized (OVX) to establish a menopausal state and were used as a post-menopausal model [23] [24] . Plasma estradiol (E2) level was monitored weekly by ELISA using a commercially available kit (Neogen, Lexington, KY, USA) according to the manufacturer's instructions. In all OVX monkeys, plasma E2 reached an undetectable level after 2 weeks of ovariectomy, indicating a menopausal state.
All the experimental procedures were approved by and performed in accordance with the Guidelines of the Primate Research Institute of Kyoto University for the Care and Use of Laboratory Primates, based on the "Guide for the Care and Use of Laboratory Animals" by the US National Research Council, 1996 [25] [26].
Kikuimo Extract (KE) and Its Administration
KE was prepared by suspending dried "Kikuimo" powder (Nihontounyoushoken, Iida, Nagano, Japan), in saline at a concentration of 1 g/mL, and contained more than 50% inulin. KE was administered orally by using a stomach catheter twice a day, at a dose corresponding to the intake of 2 g of inulin/day, before feeding, for 3 months.
Analysis of the Intestinal Microbes by Real-Time PCR
Stool samples were obtained at 0, 0.5, 1, 2, and 3 months of KE administration. Fresh stool samples were collected in the morning from the floor, after cleaning the cage room, mixed immediately for uniformity, and stored below −40˚C until analysis.
DNA was extracted from 200 to 300 mg of frozen stool by using a QIAamp DNA Stool Mini Kit (Qiagen, Valencia, CA, USA) according to the manufacturer's instructions. The concentration and purity of the obtained DNA were determined by measuring the absorbance at 260 and 280 nm.
Real-time PCR was performed to quantify DNA of 16S rRNA gene from 11 bacterial species/groups by utilizing an SYBR Green detection system with an ABI Prism 7700 Sequence Detection System (Applied Biosystems, Foster City, CA, USA) and specific primers for target bacteria. The sequences of their primers (F: forward 5ʹ to 3ʹ, R: reverse 5ʹ to 3ʹ) are available upon request. The abbreviations of the 11 target bacteria are as follows. Lactobacilli: Lacto, Bifidobacteria: Bif, Clostridium butyricum: Cbu, Faecalibacterium prausnitzii: Fpr, Enterococci: Efs, Bacteroides: Bac, Ruminococcus albus: Ral, Veillonella: Veillo, C. clostridiiforme: Ccl, C. perfringens: Cpe, and Desulfovibrio: Dsv. A universal primer (Uni) set was used to amplify conserved regions of the 16S rRNA gene of bacteria and was utilized as a reference value to express the relative quantity of target bacteria as described below. The PCR reaction was performed in a 10-µL (total volume) mixture containing 5 µL of 2× SYBR Premix Ex Taq (Takara Bio, Otsu, Japan), 0.2 µL of 50× ROX Reference Dye (Takara Bio, Otsu, Japan), 0.1 µM each primer, and 25 ng of template DNA. The conditions for PCR were 95˚C for 10 s and 35 cycles of 95˚C for 5 s and 60˚C for 30 s. After each amplification, dissociation curve analysis was performed to confirm PCR specificity. DNA standards for calibration were prepared from serially diluted PCR products that were previously amplified from macaque stool DNA using the Uni primers. To express the quantity of target bacterial DNA in a stool sample, the quantity of interest was calculated by dividing the amount of target DNA by that obtained with Uni for normalization. Amplification and detection were performed in duplicate.
RNA Preparation
Biopsy tissue samples, liver and subcutaneous adipose, were obtained pre-and post-administration of KE, respectively. RNA was prepared as described previously [27] . Briefly, total RNA was extracted from the harvested tissue samples using Isogen (Nippon gene, Tokyo, Japan) and DNase-treated in the aqueous phase using the RNase-free DNase Set (Qiagen, Valencia, CA). The extracted RNA was further purified using an RNeasyMinElute Cleanup Kit (Qiagen), and the quantity and purity were evaluated photometrically at 260 nm, 280 nm, and 320 nm using an Ultrospec 2000 (Pharmacia Biotech/GE Healthcare, Uppsala, Sweden).
Quantitative Gene Expression Analysis by Real-Time Reverse Transcription (RT)-PCR
RT reaction was performed to synthesize cDNA from the isolated total RNA by using PrimeScript Reverse Transcriptase (Takara Bio Inc., Otsu, Japan) with RNase Inhibitor (Takara Bio Inc.), dNTP Mixture (Takara Bio Inc.), and OligodT Primer (Takara Bio Inc.). The real-time PCR was performed by the ABI Prism 7700 Sequence Detector System (Applied Biosystems, Foster City, CA, USA) and/or the Mx3000P QPCR System (Agilent Technologies, Inc.) using a reaction mixture containing cDNA, SYBR Premix Ex Taq kit (Takara Bio Inc.) and specific primers for genes listed in Table 1 and Table 2 . The sequences of primers (F: forward 5ʹ to 3ʹ, R: reverse 5ʹ to 3ʹ) are available upon request. In each run, a standard curve was generated by serially diluted GAPDH amplicon, as described previously [27] , to calculate the cDNA copy number of genes. The quantity of mRNA of interest was expressed as its ratio against that of a suitable reference gene, low-density lipoprotein receptor-related protein 10 (LRP10) [28] .
To analyze differentially expressed genes, the Fold Change (FC) of samples obtained post administration of KE versus those obtained pre-administration of KE was calculated. Genes with FC greater than 1.5 and −1.5 were extracted for 50% upregulation or downregulation induced by KE administration. 
Results
General Health Condition during KE Administration
No monkey showed any digestive disorders such as appetite decrease and/or diarrhea during the administration period. There was no drastic change in the body weight of any animals. Main hematologic markers, peripheral blood leukocytes (pre-administration: 7.5 × 10 3 ± 1. 5 /µL), hematocrit (pre-administration: 37.8% ± 1.7%; 3-month administration: 35.4 ± 2.6 %), and hemoglobin content (pre-administration: 11.5 ± 0.6 g/dL; 3-month administration: 10.6 ± 0.9 g/dL), were within the normal range [29] during the study period in the four monkeys used. Figure 1 shows the level of intestinal microflora, expressed as the relative quantity of bacterial DNA in fecal samples during 3 months of KE administration in OVX post-menopausal monkeys. Two lactic bacteria, Lact and Efs, and Bac, increased more than 10-fold after 1 month of KE administration. The level of another lactic bacteria, Bif, and Veillo was within 10-fold of the pre-administration value at 3 months. A harmful bacterium, Cpe, decreased during 3 months of KE administration. No significant change was observed in the relative quantities of other bacteria, Fpr, Cbu, Ral, Ccl, and Dsv, when their post-administration values were compared with those obtained pre-KE administration (data not shown). Figure 1 also illustrates a time course of the changing pattern for 6 bacterial groups, Lacto, Bif, Efs, Veillo, Bac and Cpe. Interestingly, the 6 bacteria showed a time dependent change in their increase or decrease at 2 weeks to 1 month after KE administration, and then at 3 months, they returned to their pre-administration levels or showed a rebound tendency. Table 1 shows changes in gene expression in the liver after 3 months of KE administration in OVX postmenopausal monkeys. Among the lipid metabolism genes, the expression of SREBF1, DHCR7, and ABCA1 was upregulated while that of SCAP was downregulated. The expression of SLAC2A4/GLUT4, participating in glucose metabolism, was upregulated. The immune response-associated gene, IL12, was also upregulated. Steroid hormone-related genes, ESR1/ER alpha, were downregulated. Among cytochrome P450 gene family, the expression of CYP1A1, CYP1A2, and CYP2E1 was downregulated but CYP3A5 was upregulated. Table 2 shows changes in gene expression in adipose tissue, which appeared to be different from those observed in the liver. Among the lipid metabolism genes, the expression of LDLR was downregulated but NR1H3/LXR-a was upregulated. It is noteworthy that the expression of CYP19A1, which participates in the synthesis of steroid hormone, including estrogen, was upregulated. 
Effect of KE on Intestinal Microflora
Effect of KE on Gene Expression in the Liver and Adipose Tissue
Discussion
Detailed information regarding intestinal bacteria profile in a postmenopausal state is limited, although intestinal microbes were thought to be associated with postmenopausal dysfunctions, constipation [10] , bowel inflammation [11] [12] , and other related disorders. Inulin is a well-known prebiotic and affects beneficial bacteria, Bif and Lacto [4] - [8] . This is the reason why people have concerns regarding functional foods containing inulin and its derivatives, which not only produce beneficial gastrointestinal microbes, but also improve the health of the host. "Kikuimo" is the Japanese name of J. artichoke, and KE is a natural inulin-containing functional food prepared from J. artichoke. In the present study, changes in 11 intestinal microflora, Lacto, Bif, Cbu, Fpr, Efs, Bac, Ral, Veillo, Ccl, Cpe, and Dsv were examined before and during the 3-month administration of KE by using a post-menopausal monkey model. The changes in the intestinal microflora would be expected to influence the metabolic system of the host. Therefore, we also investigated the effect of KE administration on the expression of genes associated with following functions; lipid and glucose metabolism, immunoresponse, steroid hormone and receptor synthesis, and hypoxia, and genes belonging to cytochrome P450 family in both the liver and adipose tissue of menopausal monkeys.
The increase in Lacto population was observed in all monkeys, at the end of 3 months. The quantity of Lacto relative to the whole detectable fecal bacteria increased rapidly, with a peak within first month and then declined gradually in the next 2 months, but was still approximately 10-fold greater than the value observed before KE administration. On the contrary, the increase in Bif was lower, and this organism seemed to be less able to utilize inulin than Lacto. In previous human studies, Bif population was reported to increase markedly in response to inulin administration, whereas Lacto did not [4] [30] . In the current study, the KE administration and observation periods were both 3 months, which was longer than that employed in previous human studies (less than 1 month); therefore, the decline in Bif could be observed after their peak (Figure 1(b) ), which would have been unrecognized in a shorter observation period. Efs, another group of lactic acid bacteria, showed significant increase in all of the monkeys. As Efs has been known to use glucose for production of lactic acid [31] , it could utilize glucose at the end of the fructose chain of inulin. The Veillo population also increased after KE administration, which has not been reported thus far. The characteristics of Veillo in human intestinal microflora have not been elucidated despite its prevalence in the intestine [32] [33] . There is a report on Veillo infection in the sinuses, lungs, or central nervous system and it is regarded as a pathogen [34] . On the other hand, Veillo is known to utilize lactic acid for volatile fatty acid production and has an inhibitory effect on pathogenic bacteria such as Salmonella typhimurium or Escherichia coli O157 in vitro [35] . Thus, Veillo multiplies by utilizing the lactic acid produced by Lact, and may be beneficial for the host by inhibiting the growth of pathogenic enterobacteria. Bac was reported to increase in quantity gradually during the 3 months of KE administration in the monkeys. Bac is a predominant bacteria in the human intestine and is reported to metabolize oligofructose, although they prefer glucose [36] [37] . It is likely that this major bacterial group could compete with Bif or Lacto, or they might profit from the glucose at the end of the inulin chains. No changes were observed in Cpe level at 3 months of KE administration, because Cpe can ferment glucose more efficiently than Efs in vivo [38] and is also acid-resistant [39] . The population ratio of CPe decreased, suggesting that KE administration declined the relative number of Cpe among intestinal microflora.
KE administration modulated the altered expression of functional genes in the liver and adipose tissue of menopausal monkeys ( Table 1 and Table 2 ). Among the lipid metabolizing genes in the liver, KE administration up regulated the expression of both, SREBF1/SREBP-1C and DHCR7, but down regulated SCAP. SREBF1/ SREBP-1c and DHCR7 are the limiting factors for the synthesis of fatty acid, triglyceride, and cholesterol, respectively [40] [41] . SCAP was associated with both fatty acid/triglyceride and cholesterol syntheses in the liver, because liver-specific Scap-knockout mice exhibited a significant decrease in hepatic fatty acid, triglyceride, and cholesterol [40] [42] . These suggest that the KE-mediated down regulation of SCAP results in the decrease of hepatic fatty acid/triglyceride and cholesterol. KE administration also upregulated the expression of hepatic ABCA1, which played a role in cholesterol efflux to HDL apoproteins, apoA-1 and apoE, and regulated the pathogenesis of atherosclerosis and/or Alzheimer's disease [43] . The upregulated expression of ABCA1 was modulated by NR1H3/LXR-a [43] . Interestingly, KE upregulated the expression of NR1H3/LXR-a in adipose tissue ( Table 2) . NR1H3/LXR-a is the member of the nuclear receptor superfamily that is activated by oxysterols. In response to ligand binding, NR1H3/LXR-a controls the expression of genes involved in the catabolism, transport, and uptake of cholesterol and its metabolites [44] . NR1H3/LXR-a was also suggested to have an ameliorative effect on atherosclerosis in suppressed state of LDLR [45] . This suggests that KE can alleviate lipid metabolism by modulating the altered expression of key lipid metabolism genes in menopausal state. Furthermore, KE administration upregulated the expression of SLC2A4/GLUT4 in the liver. SLC2A4/GLUT4 was reported to ameliorate glycometabolism and insulin resistance in diabetic mice [46] . The KE-induced upregulation of the expression of SLC2A4/GLUT4 appears to have beneficial effect in regulating glucose metabolism and improving insulin resistance in menopausal state.
Among the immunoresponse genes, hepatic IL12 was upregulated by KE, indicating activation of NK and NKT cells, which results in the induction of IFN-γ production [47] KE administration modulated the expression of genes related to the synthesis of steroidal hormone and receptors anddownregulatedESR1in the liver and upregulated CYP19A1 in adipose tissue. CYP19A1 is known as aromatase and involved in estrogen production; the KE-mediated upregulation of CYP19A1 appears to complement a decline in female hormone during menopause [48] [49] . In the liver, downregulation or upregulation of CYPS family genes was observed in KE-administered menopausal monkeys ( Table 1) . CYPs are involved in the metabolism of drugs, chemicals, and endogenous substrates. Hepatic CYPs are also involved in the pathogenesis of several liver diseases through CYPmediated activation of drugs to toxic metabolites [50] . Downregulation of CYP1A1, CYP1A2, and CYP2E1 would protect the liver against diseases by modulating CYP-mediated production of toxic metabolites. The effect of KE on the altered expression of functional genes in the liver and adipose tissue could be mediated through Short-Chain Fatty Acids (SCFAs) produced by beneficial intestinal bacteria [51] , although the mechanism of SCFA-regulated gene expression has not been completely understood.
Conclusion
In conclusion, KE has potent prebiotic effect in modulating the number of beneficial bacteria, Lacto, Efs, Bif, and Veillo, following its long-term administration to menopausal monkeys, suggesting that inulin-containing foods ameliorate altered intestinal microbes in a menopausal state. KE also ameliorated the altered expression of genes involved in lipid and glucose metabolism; immunoresponse; estrogen synthesis; and metabolism of drugs, chemicals, and endogenous substrates, indicating its alleviating effect on menopause-mediated dysfunctions via modulation of gene expression in the liver and/or adipose tissue.
